Haloferacaceae, the only family in the order Haloferacales according to the reclassification of the class Halobacteria into three orders and three families by Gupta et al. [1] , was first proposed by Torreblanca et al. [2] to accommodate the type genus of this family, Haloferax [2] . As of September 2016, this family contains 84 species whose names have been validly published and classified into 15 genera (Gupta et al.; http://www.bacterio.net/). True to its name, this family comprises predominantly species that are adapted to a variety of high-salt environments, particularly marine solar salterns, the Dead Sea and other similar habitats [3] [4] [5] [6] .
In the Red Sea, 25 deep-sea brine pools have been reported, which represent some of the most extreme environments on earth. They are characterized by high salinity, high concentrations of heavy metals and steep depth gradients. Previous studies showed that Red Sea brine pools harbour an unusual array of micro-organisms, including some phyla specific only to the brine pools [7, 8] . Thus, the isolation and characterization of newly discovered extremophiles from the brine-filled Discovery Deep contributes to our understanding of in situ metabolism, energy-producing processes and adaptive strategies of micro-organisms living in these harsh habitats. Here, we report on the isolation and characterization of a halophilic archaeal strain (SB9 T ) from the Discovery Deep brine pool, which represents a novel species belonging to a new genus within the family Haloferacaceae.
Strain SB9
T was isolated from the Discovery Deep brineseawater interface (21 16 .99¢ N 38 03.05¢ E) during the KAUST Red Sea Expedition, 16 October to 3 November 2011. The in situ temperature, salinity, oxygen concentration and pH of the Discovery Deep brine-seawater interface at a depth of 2000-2060 m were 22.7-35.8 C, 13.8-25 %, 0-1.6 mg l À1 and 6.6-7.6, respectively (see Fig. S1 , available in the online Supplementary Material).
To isolate halophilic heterotrophic micro-organisms, 5 ml of brine was collected (using a sterile syringe) in sterile 30 ml glass tubes with screw caps and the contents were grown in the enrichment medium described below with 50 % in situ brine water at 33 C for 3 weeks and then plated onto agar plates with the same medium. Neutral modified Gause No.1 medium [9] mixed with oligotrophic haloarchaeal DBCM2 medium [10] , hereafter referred to as GD medium, was used for enrichment and plating. The mixed medium contained the following ingredients (per litre): 0.2 g KNO 3 0.002 g biotin, 0.002 g folic acid, 0.01 g pyridoxine-HCl, 0.005 g riboflavin, 0.005 g thiamine-HCl, 0.005 g niacin, 0.005 g cyanocobalamin, 0.005 g p-aminobenzoic acid and 0.005 g pantothenic acid. pH was adjusted to 7.0-7.2 with a 1 M NaOH solution. The mixed medium was solidified with 4.5 % agar because of the high salt content of the media. The plates were incubated in the dark at 33 C for at least 3 weeks in sealed plastic bags. Colonies were selected from plates containing at least 10-20 colonies of similar appearance. To ensure purity, a single colony of each strain was restreaked onto fresh plates. Strain SB9
T was first isolated from the Discovery Deep brineseawater interface based on the procedures mentioned above and then routinely grown aerobically at 33 C in a modified R2A (MR2A) medium [11] containing the following ingredients (per litre): 0.5 g casamino acids (Difco), 0. 
Phenotypic tests of strain SB9
T for the description of novel taxa in the order Halobacteriales were performed according to the proposed minimum standards [12] [13] [14] and Halorubrum aquaticum JCM 14031 T were selected as reference strains for all tests. Cell morphology and motility in exponentially growing liquid cultures on MR2A medium were examined using a Leica microscope equipped with phase-contrast optics (Leica DM 6000 B). The minimal salt concentration to prevent cell lysis was tested by suspending washed cells in serial sterile saline solutions containing NaCl at 0-15 % (w/v), and the stability of the cells was assessed using light microscopy. Sample preparation for scanning electron microscopy (SEM) was based on previously published methods [15, 16] and samples were analysed using an FEI Quanta FEG 600 scanning electron microscope (FEI Company).
Gram-staining was performed by the method outlined by Dussault [17] , and most biochemical tests and nutritional tests were performed as described by Elevi Bardavid et al. [6] and Cui et al. [4] . In brief, anaerobic archaeal growth and gas formation with nitrate as electron acceptor were measured in 10 ml stopper tubes filled with growth medium containing NaNO 3 ; each tube also contained an inverted Durham tube to capture gas produced by the micro-organism. Nitrite formation was monitored colorimetrically. Hydrolysis of casein, starch, gelatin, and Tweens 20, 40, 60 and 80 was detected according to the methods given by Smibert and Krieg [18] and Dong and Cai [19] . The optimal growth temperature was determined after incubation on MR2A agar and shaking in MR2A liquid medium at 10, 15, 20, 25, 28, 30, 33, 37, 40, 45 and 50 C; growth was measured by an increase in turbidity at 660 nm, as determined in a spectrophotometer. Tolerance to NaCl was tested on both MR2A agar and in liquid media with 0.5, T was tested in MR2A liquid medium from pH 5.5 to 10.0 with 20 mM of the following buffer systems: MES (pH 5.5 and 6.0), PIPES (pH 6.5 and 7.0), HEPES (pH 7.5 and 8.0), Tricine (pH 8.5) and CAPSO (pH 9.0, 9.5 and 10.0). Oxidase activity was tested using the oxidase reagent kit (bioM erieux) according to the manufacturer's instructions. Catalase activity was determined by pouring a 3 % H 2 O 2 solution onto bacterial colonies and observing bubble production. Esterase activity was detected using methods given by Guti errez and Gonzalez [20] . The new isolate and reference strains were grown in tubes containing MR2A liquid medium supplemented with 0.5 % (w/v) Na 2 S 2 O 3 , and H 2 S production was detected using a C2V-200 micro gas chromatograph from Thermo Scientific. Acid production was determined using the API 50CHB system (bioM erieux); the API 50CHB medium was supplemented with (per litre): 2.0 g KCl, 0. . 6H 2 O and 180.0 g NaCl (all per litre, with pH adjusted to 7.0-7.2 with a 1 M NaOH solution) was selected and single carbon sources were added to a concentration of 5.0 g l À1 [10, 21] . Biochemical activities and use of organic substrates as sole carbon and energy sources were evaluated using API 20E and API 20NE kits (bioM erieux) and Biolog GEN III MicroPlates according to the manufacturers' instructions with the exception of a salinity adjustment to 20 % (w/v) NaCl (w/ v). This involved supplementing the medium with (per litre): 2.0 g KCl, 0.3 g K 2 HPO 4 , 0.5 g CaCl 2 and 20.0 g MgSO 4 . 7H 2 O. pH was maintained between 7.0 and 7.2. Susceptibility to antibiotics was assessed on MR2A agar using the Kirby-Bauer disc diffusion method according to Guti errez et al. [22] and Du et al. [23] and the protocols of the Clinical and Laboratory Standards Institute [24] . The analysis of respiratory quinones in strain SB9
T and its close relatives Halogranum rubrum JCM 15772
T [21] and Haloplanus vescus JCM 16055 T [25] was performed by the identification service of the DSMZ.
Genomic DNA was extracted using a commercial kit (TaKaRa MiniBEST Bacteria Genomic DNA Extraction Kit v3.0) and subsequently sequenced on an Illumina HiSeq 2000 platform at the bioscience core lab at KAUST. Filtering and trimming of the raw data was performed using PRINSEQ v0.20.4 [26] . SOAPdenovo v1.05 [27, 28] , and default parameters were used to assemble the trimmed reads. The completeness of the genome was estimated with CheckM v1.0.3 [29] . The G+C content of the DNA was calculated and the protein-coding ORFs were predicted by Glimmer v3.02 [30] . We used RNAmmer v1.2 to predict rRNA [31] , and tRNAscan-SE v1.21 to predict tRNA [32] . In addition to DNA-DNA hybridization [33] , average nucleotide identity (ANI) values between the strain SB9 T genome and closely related genomic sequences from GenBank were determined according to Goris et al. [34] . Whole-genome sequences in a pairwise comparison were split into consecutive 1000 bp windows. Sequences were aligned with nucmer in MUMmer v3.23 [35] , and ANI values were calculated using JSpecies v1.2.1 [34] .
Cells of strain SB9
T were motile and SEM examination showed a pleomorphic morphology with coccus (~0.6-1.8 µm diameter) or rod-like shapes (0.5-0.8Â1.0-3.8 µm) when grown in MR2A liquid medium (Figs 1 and S2 ). Distilled water alone caused cell lysis; therefore, cells were treated with a 7.0 % (w/v) NaCl solution, which is the lowest concentration that prevented cell lysis. At this NaCl concentration, cells were Gram-stain-negative and colonies devel- T could be differentiated from its closely related halophilic archaeal strains, Haloplanus vescus JCM 16055
T [25] , Haloplanus aerogenes JCM 16430
T [36] , Halogranum salarium DSM 23171 T [37] , Halogranum rubrum JCM 15772 T [21] , Halogranum amylolyticum JCM 16428
T [4] and Halogranum gelatinilyticum JCM 16426
T [4] , by its main phenotypic characteristics. For example, the optimal growth conditions for strain SB9
T included distinctly different concentrations of NaCl and Mg 2+ , different carbon sources and a different optimal pH range. Cells of SB9
T did not grow anaerobically in the presence of nitrate, L-arginine or DMSO, and they contained a unique set of polar lipids (Table 1) . More detailed phenotypic characteristics and nutritional features of the strain are provided in the genus and species descriptions.
The assembled unfinished draft genome of strain SB9 T (accession number LOPU00000000) was 3 931 127 bp in size. It contained 44 contigs, 23 scaffolds and 145-fold genome coverage; we predicted a total of 3917 ORFs, 50 tRNAs and eight rRNAs. The genomic G+C content was 62.53 mol%, which is lower than that of Haloplanus (66.2 mol%; [6] ) and Halosarcina (65.4 mol%; [38] ), more similar to the genomes of Halorubrum (61.9-71.2 mol%; [39] ), Haloferax (59.5-65.3 mol%; [40] ) and Halogranum (55.7-64.4 mol%; [37] ), but higher than the genome of Halogranum rubrum JCM 15772 T (55.7-57.6 mol% [21] ). Strain SB9
T had only one copy of the 16S rRNA gene (1404 bp) and showed low sequence similarity to other members of the family Haloferacaceae. Species most closely related to strain SB9
T based on 16S rRNA gene sequences belong to the genera Halogranum (Halogranum rubrum, 93.4 % similarity), Haloplanus (Haloplanus litoreus, 92.0 % similarity) and Haloferax (Haloferax sulfurifontis, 90.9 % similarity). Alignments of the 16S rRNA gene sequence of strain SB9 T with those of the most closely related taxa were performed using CLUSTAL X v1.81 [41] . A phylogenetic tree was reconstructed with the maximum-likelihood method using MEGA v6.0 [42] (Fig. 2) . The UPGMA algorithm, maximum-parsimony and neighbour-joining methods were also used to analyse and verify the taxonomic positions of the novel isolate and reference strains (see Figs S3-S5 ).
Based on ANI analysis of the genome of strain SB9
T and closely related genomes from GenBank, the highest ANI value was 83 % with Halogranum salarium B-1 T (Table S1 ). Although there is no accepted ANI demarcation for the genus boundary, the ANI between members of the genus Siccibacter [43] was 84-86 %. Urdiain et al. [44] and Richter et al. [45] showed that DNA-DNA hybridization values of 86-89, 51-57 and 20 % correlated with ANI values of 97.6, 92.5 and 83-84 %, respectively. Haley et al. [46] reported that the ANI values between different Vibrio species ranged between 84 and 86 %, and Kim et al. [47] and Richter et al. [45] suggested an ANI threshold range (95-96 %) for species demarcation based on comparative investigation between DNA-DNA hybridization and ANI values. These results indicate that 84 % might be a reasonable ANI demarcation for the genus boundary, adding evidence that strain SB9
T represents a novel species of a new genus.
T were harvested at the late exponential growth phase from MR2A liquid medium at 33 C to characterize their polar lipid content. Polar lipids were extracted from 200 mg of freeze-dried cell material using a choroform/ methanol/0.3 % (w/v) aqueous NaCl mixture [1 : 2 : 0.8 (by vol.)], modified after Bligh and Dyer [48] , recovered into the chloroform phase by adjusting the mixture to a ratio of 1 : 1 : 0.9 (by vol.), and separated by two-dimensional silica gel TLC (Qingdao Haiyang Chemical Co.; silica gel GF254, 0.25 mm thickness). The first direction was developed in a chloroform/methanol/water (65 : 25 : 4, by vol.) mixture and the second was in a chloroform/methanol/acetic acid/water T [50] . +, Positive; (+) weakly positive; -, negative. PGS, phosphatidylglycerol sulfate; UG, unidentified glycolipid; S-DGD-1, sulfated mannosyl glucosyl diether; DGD-1, mannosyl glucosyl diether; GL1, unidentified glycolipid. The DNA G+C content (mol%), types of glycolipids present and presence of PGS were taken from the reference sources listed above, except for strain SB9
T . The pH range and optimal pH were determined in parallel tests with Haloplanus vescus JCM 16055 T , Haloplanus aerogenes JCM 16430 T and Halogranum rubrum JCM 15772 T . All other experiments listed in Table 1 Optimal pH 7.0-7.5 6.0-6.5 7.5 7.5 6.5 7.0 7.0 7.5
Use of:
(80 : 12 : 15 : 4, by vol.) mixture. Total lipid material was detected using staining reagents (phosphomolybdic acid, molybdenum blue, ninhydrin and a-naphthol) specific for defined functional groups [49] . Polar lipid analysis was performed by the identification services at the China Center of Industrial Culture Collection. Strain SB9 T contained phosphatidylglycerol (PG), phosphatidylglycerolphosphate methyl ester (PGP-Me), sulfated mannosyl glucosyl diether (S-DGD-1), mannosyl glucosyl diether (DGD-1), an unidentified glycolipid (GL1) and two unidentified phospholipids (UPL1 and UPL2). The absence of phosphatidylglycerol sulfate (PGS) within this group differentiated strain SB9 T from closely related PGS-containing members of the genera Haloplanus and Halogranum [4, 25] . Similarly, differences in glycolipid types differentiated it from members of the genera Halorubrum [50] (Fig. S6 and Table 1 ). The major respiratory quinones of strain SB9
T were menaquinones MK8 (66 %) and MK8 (VIII-H2) (34 %), which differs from other closely related species/genera of the same family Haloferacaceae, i.e. Halogranum rubrum JCM 15772 T and Haloplanus vescus JCM 16055
T [MK8 (74 %) and MK8 (VIII-H2) (26 %) and MK8 (90 %) and MK8 (VIII-H2) (10 %), respectively].
Considering the morphological and physiological characteristics of the new isolate, the low levels of 16S rRNA gene sequence similarity and ANI values with other genera within the family Haloferacaceae, and its distinctive polar lipid profile, we suggest that strain SB9
T represents a previously unidentified species belonging to a newly identified genus within the family Haloferacaceae for which we propose the name Haloprofundus marisrubri gen. nov., sp. nov. Characteristics that distinguish strain SB9
T from other genera within the family Haloferacaceae are shown in Table 1 .
DESCRIPTION OF HALOPROFUNDUS GEN. NOV.
Haloprofundus (Ha.lo.pro.fun¢dus. Gr. n. hals, halos salt; L. adj. profundus deep; N.L. masc. n. Haloprofundus salt organism from the deep sea).
Under optimal growth conditions, cells are polymorphic, aerobic heterotrophs that stain Gram-negative and lyse in distilled water. Cells are oxidase-and catalase-positive and grow between 15 and 45 C. Sugars are metabolized and in some cases acids form. Cells contain PG, PGP-Me, S-DGD-1, DGD-1, GL1, UPL1 and UPL2, but no PGS. The major respiratory quinones are MK8 and MK8 (VIII-H2). The genomic DNA G+C content is 62.53 mol%. The type species is Haloprofundus marisrubri.
DESCRIPTION OF HALOPROFUNDUS MARISRUBRI SP. NOV.
Haloprofundus marisrubri (ma.ris.ru¢bri. L. n. mare, maris the sea; L. adj. ruber red; N.L. gen. n. marisrubri of the Red Sea).
Has the following characteristics in addition to those given for the genus. Cells are motile and polymorphic with a coccus or rod-like irregular polyhedral shape when grown in MR2A liquid medium. A NaCl concentration of 7 % (w/v) prevented the cell lysis that occurred with distilled water alone or lower NaCl concentrations. Colonies grown on agar plates containing 3. 
